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ABSTRACT
INVESTIGATION OF THE EFFECT OF MOLECULAR GEOMETRY 
ON THE ELECTRONIC STRUCTURES OF STYRENE AND INDENE
by
JAMES D. QUIRK
This thesis investigated the effects of geometry 
variation and hyperconjugation on styrene and indene in 
the Pariser, Parr and Pople (PPP) framework. The resulting 
charge densities from the PPP method were compared with the 
population analysis performed in the Extended Hueckel Theory 
(EHT). The resulting charge densities calculated by the 
different methods compared favorably, i.e., they predicted 
that cationic polymerization would take place readily for 
styrene in the carbon atom 1 position. The results also 
indicated that styrene would be more reactive for carbon 
atoms 1 and 2 than would indene carbon atoms 1 and 2.
Additional and reinforcing information was obtained 
from the calculation of the localization energies for 
styrene and indene. The low localization energy for 
styrene carbon atom 1 predicts this to be the more reactive 
species. However, it appears that all three polymerization 
mechanisms are possible according to the localization 
energies, i.e., anionic, free radical and cationic polymer­
ization.
It was also shown that If one includes non-nearest 
neighbor resonance integrals in the PPP calculations, the 
results are more sensitive to the geometry variation.
viii
Both the geometry and hyperconjugative method gave 
reasonable results for the electron excitation energies. 




The purpose of this study is to carry out a theoret­
ical Investigation of the electronic structures of the ground 
and excited states of styrene and indene in an effort to shed 
some light on their chemical similarities and differences* 
There are two basically different theoretical calculations 
performed in this study. They are the Pariser, Parr and 
Pople (PPP) semi-empirical calculations and the extended 
Hueckel theory (EHT) calculations. The PPP non-hyperconju- 
gative calculations (PPFWOH) and EHT calculations are carried 
out for styrene and the PPP hyperconjugative calculations 
(PPPWH) and EHT calculations are carried out for indene.
Styrene and indene are compared in the PPP scheme 
to determine which geometry best predicts the ultra-violet 
(UV) spectroscopic intervals and corresponding oscillator 
strengths. The EHT calculations are performed on styrene 
and indene in order that a comparison with the charge densi­
ties from the PPP method may be qualitatively compared with 
the population analysis performed In the EHT calculations.
Original interest in the problem comes from the 
equivalence of the two molecules in the Hueckel molecular 
orbital approximation. In addition the spectra of styrene 
and indene are similar with some variation between their 
oscillator strengths• These two molecules also have chemi­
cal similarities, i* e., when styrene and indene were 
separately placed in solutions of decalin and TiCl^> bright 
orange and bright red precipitates are formed, respectively. 
This suggests the formation of two similar chemical complexes 
formed with styrene and indene. Despite the above similar-
2ities styrene polymerizes readily while the indene monomer 
is very stable under conditions which polymerizes styrene.
It is the purpose of this study to give some insight to 
these similarities and differences between styrene and 
indene.
Searching the literature, one finds that the bond 
angles and distances for monomeric styrene and indene are 
not available. There are many UV spectra available for the 
styrene and indene monomers. The choice of spectra used in 
this work is that obtained from the studies of Platt and co- 
workers* who have carefully analyzed the uv spectral transi­
tions of styrene and indene. In their analysis of styrene 
and indene they have carefully removed the solvent effect.
The method by which one proceeds to carry out the
3
calculations is now briefly outlined. In 1930 both Fock 
and Slater^ proposed simultaneously and independently the 
following set of equations.
N N
Py + Z(2Jj-Kj)]01 = x  *  ±j (i)
The self-consistent solutions to these equations provide the 
optimized spin-orbitals for the single-determinantal approxi­
mation to the wave function of a closed-shell electronic 
system--provided each spin-orbital is assumed to be a simple 
product of a spatial orbital and a spin function (a or p). 
The summation is over N spatial orbitals and hy is a mono- 
electronic operator describing the interaction of the u**1 
electron with the nucleus. The summation over the coulomb 
(J^) and exchange (Kj) operators represents a one-electron 
approximation to the behavior of one electron in the field 
of the others. 0j is an atomic orbital and is a 
lagrangian multiplier. The derivation of the above equations 
is completely outlined in Elementary Quantum Chemistry.^
These equations are commonly referred to as the Hartree- 
Fock equations.
The integral solution of the above equations can be 
carried out in an ab initio manner only for the first row 
atoms. The exact solution of the above equations for many- 
electron atoms and molecules becomes a formidable task and 
has not yet been accomplished.
g
Roothaan has shown a method of obtaining solutions 
to the Hartree-Fock equations which avoids the numerical 
integrations. Let represent a complete basis set
of functions. Each Hartree-Fock orbital is then expanded 
in terms of this basis set by
K  - z h ° v i  - * « i  (2)
p
If the complete basis set ( V  is used, then the £0 i) 
are given exactly. However, one truncates the basis set to 
m finite members, and <T £ is then a column matrix of m rows. 
To construct N linearly independently orbitals, it is 
necessary that m2N. One now defines the following matrices
and matrix elements:
%  = [*1X2 ---- X J  (3)
A  = x+*  A pq = < * p / V  (*)
e i0) = <.0i/h/01> = <Ll%\X (5)
= O C p / V V  <6>
(7)
4+
- C j X ,  * 1 - c ;  T t  Cj (8)
Kij = c i  Kj t i = ej ik c ± w
The total energy of a closed-shell atom with 2N electrons in 
doubly occupied orbitals is
E = 2 z c ; h £ 1 + i| e ^ c 2 x j- K j) £ 1 (10)
Now consider the functional
N
j = i - 1 A  t.- (ii)
i s j J J J
and find the conditions to be satisfied by the such
that S J = 0 for an arbitrary variation of S € The 
t w  must satisfy
F  £ ± = Z  A  <£ (iz)
j
where f = jC (13)
and F is the Hartree-Fock operator
F = h  + ZL(2J.-K.) (13a)
/x j J 3
Equations 12 are known as Roothaan1s equations. One can 
write Roothaan1s equations in the pseudo-eigenvalue form by 
using a properly chosen unitary transformation U  £
where is the matrix of lagrangian multipliers and £  is 
diagonal. Then one obtains
£ 1 A  C  t (14)
5or more compactly
F C  = A C t  <15>
where (£ — C C, S-j, £*\)
The non-trivial solutions of equations (14) are obtained by 
solving for the m roots of the secular determinant,
det ( 0- - £  &  ) = 0  (16)
since the elements of IF depend upon the U  , these 
secular equations are nonlinear and must be solved by an 
iterative procedure. One approach is to assume some matrix 
as a first approximation, use it to construct [ F ^  
and then solve equations 16 to obtain a second improved 
matrix £  ^ . This process is repeated until an assumed 
matrix £  and the calculated matrix £  (n+1) agree to 
within set limits. The solutions are said to be self- 
consistent with respect to the matrix £ . The N lowest 
roots are assumed to be those occupied by the 2N electrons 
and describe the ground state of the system. The remaining 
orbitals are called virtual orbitals and are used to con­
struct excited-state configurations for use in improving 
the energy by the configuration interaction (Cl) method.
In PPP calculations one treats only the pi electrons 
in an explicit manner and regards the sigma electrons and 
the nuclei as providing some sort of potential field for the 
pi electrons. In order to be able to consider the pi elec­
trons separately from the sigma electrons, the following
7
conditions must be obtained as discussed by Lykos and Parr.
1. The total wave function (1,2,....N) of a 
molecule containing no* sigma electrons and n-ff pi electrons 
(nT +nw = N) must be written
6^  = &' M V  M V  (17)
where M t  and are separately antisymmetrized products
of molecular spin-orbitals and CL* is a partial antisym- 
metrizer which "exchanges" electrons between an<*
is assumed that H V  and are construc­
ted from mutually exclusive subsets of molecular spin- 
orbitals £ $ « }  an<* I Sira* J , respectively, such that 
the total set £ $ 0-1 , SiryJ f°rms a complete orthonormal 
basis. The functions ^<r and have the general forms
4V= E V k  % = ^ Dibi  <18>
k *
where the £ and[D.|J are Slater determinants constructed
from the appropriate subset of molecular spin-orbitals. The 
restriction that be constructed only from the
and only from the £ S^-x} means that it is impossible
to express the exact wave function as a linear combination of 
configurations constructed from »s and 1 s . This
is due to the fact that one cannot form a complete expansion 
of VjJ without mixing the two subsets.
2. The functions cr » and must in­
dividually be well behaved. In particular we require
<14/1 «V> -- <MV I 4 V > ' <4V I ^ r>  *  '-0 <19>
Thus the coefficients in equation 18 satisfy
(20)
The total electronic hamiltonian of a molecule is
W  - + W * 0 +H „ r  (21)
where
w (0) = - | l i v „ - z i  z; ± -  (2 2)
and
m m  .
* » t  - Z  Z  f t  <23)yU. z> yUtf
It is convenient to define the IT -electron hamiltonian by
"H T  - t 4 0) + (24)
The total electronic energy can now be written (if sigma-pi 
exchange is neglected)
< « > a v = <4** h*i + (“ >
E = E + E (°> (26)
The sigma portion of the molecule is assumed to remain 
constant for given set of molecular states, then is a
constant, and the evaluation of E jr by the variation method 
is equivalent to minimizing <•*> •
Goeppert-Mayer and Sklar® were the first to elucidate 
the core hamiltonian core, which appears in the pi-elec- 
tron hamiltonian as
H tt = 5 huore+  2 i r -  <27>M  I* /uwrfv)
8and is defined by:
i n <*” Z. niff* -
hc ° «  1 y  2 _ £  J<_ + « ^  _ 1 _  (28)
■“ 2 ^  k r k %  W
In their elucidation of the core hamiltonian they made use 
of the following assumptions:
1. The hydrogen nuclei are assumed to be completely 
screened by the surrounding electron distribution and thus
C03T6their contribution to h is neglected.
2. Contribution of the carbon nuclei and their
sigma electrons to the total potential field is approximated
2
as the potential of the carbon atoms in their sp valence 
state less the charge distribution of an electron in a pi 
orbital per each carbon atom.
3. The sigma-pi exchange effects are neglected. In
9 101953, Pople and Pariser and Parr developed semiempirical
simplifications of the Goeppert-Mayer and Sklar non-empiri- 
cal treatment of conjugated molecules. Pople1s method is 
based on Roothaan’s formulation of the Hartree-Fock equations 
for “'fr'-electron systems. The simple HMO approximation, on 
the other hand, sets the matrix elements of the Hartree-Fock 
operator equal to certain constants, while Pople elucidates 
the core hamiltonian similar to the Goeppert-M^yer and Sklar 
elucidation. By use of suitable approximations outlined 
further on in this section, Pople eliminates all two elec­
tron Integrals having more than two centers. The remaining 
integrals are then treated as semiempirical parameters. To 
a large extent, the Pople method and the Pariser-Parr method 
are equivalent. There are, nevertheless, some differences 
that will not be discussed here. Since the Pople method was 
used in the calculations for styrene and indene, and Pariser- 
Parr approximations were made only for some of the semi-
9empirically evaluated integrals, only the Pople method will 
be presented.
One begins by writing down some of the quantities 
appearing in Roothaan1 s equations for pi-electron systems. 
The Hartree-Fock pi-electron operator for a closed-shell 
molecule in the single-determinental approximation is
F ^  = hcore + r  (ZJ.-K ) = hcore + G-ir (29)
j J 3
The atomic basis set is assumed to consist of orthogpnplized 
AO’s so that all overlap integrals formally disappear. 
Roothaan* s equations then are
(30)
the pi-electron MO*s are given by
TTj = Z. 0rcrj = $  £ j  (31)
The matrix elements of can then be written
Frs - hrs + Grs <32>
where
h rs = < 0 r /hCOre/0s >  (33)
G = Z l R t (2 <rt/g/*u> -  <rt/g/us>) (34)
t,u
The HMO approximation sets Frr = ar = const, and Frg(r?£s) = 
p = const, for nearest neighbors while F_._ = 0 for non-ITS XS
nearest neighbors, therefore
10
ar r = s (35)
F = 6 r^s nearest neighborsrs Krs
0 r^s non-nearest neighbors
In Pople*s method F_._ is not constant. Since the basis set
1. s
is assumed to be orthogonalized, it is reasonable to assume 
that all integrals in G„_ involving charge distributions such
JL S
as 0*()i)0 (jj.) (r^s) will be small. Therefore it is assumed
IT S
that
0*r <H)0s(p) = 0 r^s C36)
The assumption is known as the zero differential overlap 
(ZDO) approximation. This allows one to be able to make the 
simplifying assumptions
<rt/g/su> = ^rt/g/rt^ % rg g tu (37)
There will not be any integrals containing more than two 
centers in the calculations. Also one writes
<rt/g/rt y = rfc (38)
One sees that only integrals in Grr which survive are those 
where t = u, or
Grr = £  Rtu<2 <*t/g/ru> - <rt/g/ur> ) (39)
t,u
= Rr r * r r  + £ 2Rt t * r t  <40>
t^r
Similarly, for G to survive, the following equalities haveITS
to hold: (r=*u) and (s=t), or:
G = -R X  rs rs u rs (41)
11
The matrix elements for F -n  can now be written
F = h + R X + Z  2R K  (42)rr rr rr v rr , ss v rs s 7
sjtr
F = pcore „ R yr r^s (4 3)
rs Hrs rs u rs r ' '
corewhere p ^ prs rs
Now, one elucidates the matrix elements of the core hamil­
tonian. The diagonal elements are written as in the 
Goeppert-Mayer Sklar formulation or
hrr = Zr (Jr + 21<0r(u)/V^t/«lr(u)> (44)
s^r
The empirical parameter CJ , which is assumed to be a 
valence state ionization potential (IP) can be expected to 
be constant from molecule to molecule. Zr = 1 for all atoms 
in a neutral alternate hydrocarbon. An approximation for 
the integral in equation 44 is
< 0 r (u)/v^t/0r(u)> - -Zs *  rs (45)
which represents the interaction of the electron distribu- 
o
tion /0(u)/ with a nuclear charge Z_ (where Zo = 1 for a
Xr S S
carbon atom of a neutral alternant hydrocarbon). In summar­
izing one obtains the elements of the matrix, viz.,
F - Z U) + R r  + TL (2R -Z ) V  (46)rr r r rr rr v ss s rs xs£r
Frs ■ - Rrs *rs <«>
For neutral alternant hydrocarbons one sets = C*> for all
qqvp core
atoms and p = p for all rjfcs nearest neighbor atoms, rs
Under these conditions Pople showed that energy and coefficient 
pairing theorems and the charge and bond order theorem hold
12
just as in the simple HMO approximation.
A useful simplification of the SCF method introduced 
29by McWeeny and Peacock is to shift the energy scale by
_  /
defining the new matrix by
F ’ = F - OJ - J V  (48)rr rr c 2 cc v '
where Cj c = W2p and is the ^  integral for the
same reference carbon atom. Letting tj - u)_ = £ cl)
L v
equation 48 becomes
pr; = s o)r + R,.r y rr-f + £. <2RSS- * s> * r S
s^r
(49)
when atom r is a carbon atom in an alternant hydrocarbon, the
matrix element F1 vanishes.rr
Once the self-consistent problem for the ground state 
has been solved, the unoccupied molecular orbitals
N+l**’* V  2N °an use<* to construct determinantal 
wave functions for excited states. 2N is the number of 
molecular orbitals available--N doubly occupied ground 
state M.O.'s and N unoccupied excited state M.O.fs. We 
shall write k for the singlet configurational wave
function in which one electron is excited from an occupied 
orbital ^ to an unoccupied one will be
a sum of two Slater determinants.^ The corresponding triplet
3
wave function will be written i-*k* There are in fact 
three triplet wave functions with three different spin com­
ponent eigenvalues. It is immaterial which component is 
selected since each has the same spatial part. The matrix 
elements involving the triplet functions are not calculated. 
Other functions for two-electron excitations could be 
developed, but for a discussion of the lower absorption
13
levels they will not be taken into account.
The matrix elements of the total hamiltonian between 
and 7to can be reduced to integrals over one or two 
electrons utilizing the orthogonality property of molecular 
orbitals. These results are:
< V / ' W  -
- £ k“ € ±- < ik/g/ik> + 2 ^ ik/g/ki) (50)
= 0 (Brillouin's theorem*'*') (51)
( ' ^ k ^ /,Xj->l) = 2 < -  <JWg/il> (52)
unless i = j and k = 1
One substitutes the atomic orbitals (as given in equation 31) 
into the above equations and simplifies by use of the ZDO 
approximation.
Jik = <ik/g/i/k>ik
-  V  r
ri sk rs= Z  C* C* *  „  <53)r,s
Kik = < ik/g/ki)
- £  CriCskCsiCrk *  rs <54>
r,s
<)k/g/li> - Z  C^C*kCrlCgl r  xs (55)
r ,s
<jk/g/il> = Z  c*jC*kCrlC8l * rs (56)
r.s
14
Equations 50-52 can now be substituted into equations 
50 and 52 to obtain the elements of the configurations inter­
action matrix.
First order configuration interaction is when one 
considers only the interaction between the two lowest un­
occupied MOfe and the two highest occupied MO1s. Second 
order configuration interaction is also carried out so that 
the calculated energies will compare better with the experi­
mental energies. Second order Cl is defined as the inter­
action of singly excited configurations with all other singly
excited configurations of proper symmetry.
12The oscillator strengths are calculated for the 
first four excitations by use of the following formula:
= 1.085 x 10"5 z>^ /RJZ (57)
the transition moment integral R*. can be calculated with 
the eigenvectors obtained from the Hartree-Fock equations,
i.e.
- -T2 Z  Ck C r (58)
P
nr= i"Hk
and each excited state corresponds to a different value,
= Ev /hc and a different R ^  vector.
Indene has two out-of-plane hydrogen atoms, therefore 
the symmetry-ada'pted pi MO1 s should contain the AO1 s of the 
hydrogen atoms. The inclusion of such AO1s has been termed 
hyperconjugation. This proper combination of the hydrogen 
orbitals (with pi-symmetry) combines with 2p orbitals of the
rest of the molecule, accounting for a direct flow of elec­
trons between the hydrogen orbitals and the pi orbitals of 
the rest of the molecule. Therefore, if one wants to treat
15
certain non-planar portions of conjugated molecules and 
still retain the language of planar molecules, then the 
notion of a pseudoatom is convenient to use.
Due to the lack of experimental information about 
the geometry of the styrene and indene molecules and the 
uncertainty in the geometry predicted by the PPP method, it 
is felt that the extended Hueckel calculation should give 
additional information regarding the geometry as predicted 
by the PPP method. The extended Hueckel theory with an 
extended basis set consisting of 2s and 2p carbon and Is 
hydrogen orbitals for alternate hydrocarbons, with the in­
clusion of overlap and most of the interactions, yields a 
qualitative, solution of many hydrocarbon conformational 
problems. Calculations have been performed on many satura­
ted and unsaturated hydrocarbons testing a variety of 
13geometries.
In cases where the geometry is known there is good
agreement between calculated and known geometries. This
appears to be the most predictable property of the extended
13Hueckel calculation (according to Hoffmann ).
Another reason for the use of the extended Hueckel 
calculations is that in the cases where non-planarity plays 
a role, the sigma-pi approximation in pi electron calcula­
tions becomes invalid when one tries to take into account 
the non-planar part of the molecule.
Thus in carrying out these calculations one does 
not make use of the sigma-pi or the zero differential over­
lap approximation, but rather the wave function is separated 
into a inner-shell nonbonding and valence-shell portion.
The general formula C H for a hydrocarbon with a total ofn m
6n + m electrons has a total wave function written as 
follows.^
16
(1,2,... ,6n+m) = &  (VN (*»2>... ,2n)X ^yB (2n+l,2n+2,... ,6n+m)
(59)
where ^  ^ and B are separately antisynmietrized and 
well behaved. The function ^ describes 2n electrons 
localized in Is AO* s of the carbon atoms, and B describes 
the remaining 4 n + m electrons, i.e., the valence electrons. 
The function now plays the same role in the theory as 
does in the sigma-pi separation approximation. Each MO 
used to construct IV „ is given by the LCAO form
= 2 : v Pi <60>
P
which yields, on minimizing the total energy, the set of 
equations (see eqn. 15)
(61)
For a molecule C H we use a basis set consistingn m
of m hydrogen Slater orbitals, exponent 1.0, n 2s and 3n 2p 
carbon Slater orbits, exponent 1.625. The order of the re­
sulting secular determinant is 4n + m. The critical choice 
is our manner of guessing the matrix elements . The 
diagonal elements are chosen as valence state ionization
potentials, and the particular values used are those of
14 3Skinner and Pritchard for the carbon sp valence state
Fii(<V  = -1 1 -4 eV <62)
Fii(C2s) = '21,4 eV (63)




One sets K = 1, if one makes use of the Mulliken 
approximation for the product of two charge distributions
C-H, and C-C against K values. It is shown in this plot that 
for K values above 1.6 that the gross atomic population is 
insensitive to K values. Thus the off-diagonal elements 
begin to dominate and the wave function is independent of K. 
Therefore in view of the above, K is given the value of 1.75 
for this work.
The complete set of equations is solved with two 
matrix diagonaLizations as outlined below:
One has to first compute ^  order to do
this ^  has to be put into diagonal form by use of a unitary 
transformation. One can now find a new matrix o-o related
to IH3 by
(66)
13Hoffmann plotted gross atomic population of hydrogen





In order to solve equation 65 one has to perform the second 
diagonalization. Where ^  is defined by <8>= <8>a“ * 
and (j|> is a matrix of STO1 s and (| is a matrix of QA.O's. 
One can then obtain the coefficients of the Slater type QMs 
from
C = A i C < <69>
It is these coefficients one has to use in the population
analysis of the molecule.
A population analysis was performed on the resulting
wave functions for styrene and indene. The method of analy-
15sis was devised by Mulliken , which seems best adapted to 
the analysis of molecular orbitals built up from several 
basis orbitals at each center. The overlap population in 
the it*1 MO between the s**1 basis orbital on atom 1 and the 
rtk basis orbital on atom k is defined as
" 2N<i>CrkiSrks1Cs1i <70>
ttlwhere N(i) is the occupation number of the i MO, for
carbon N(i) equals two, and is the orbital coefficient.
We shall be interested in the subtotal overlap population 
for styrene and indene.
n(k,l) = 2 1  21 S .  n(i,rk ,s,) (71)
i r s K 1
The gross atom population in MO 1 on orbital r^ is given by 
N(i,rk) - N(i)Crki(SC)rkl - N(i)CrfclS  SrklCu  (72)
i
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for a normalized set. We shall also discuss the subtotal 
gross atomic population
N(k) = Z. Z. N(i,rk) (73)
i r
which we loosely call the total charge on atom k.
The total energy can be approximated as a summation 
of the eigenvalues of the Hartree-Fock matrix. This is only 
an indicator as to which molecular geometry will give the 
lowest energy. A theoretical argument presented by Slater^, 
which allows one to use this summation as an indicator 
follows. The sum of the one-electron energies of a Hartree- 
Fock hamiltonian is equal to the total energy minus the nuclear- 
nuclear repulsions, plus the electron-electron repulsions.
The last two terms cancel, roughly, and thus the simple sums 
of one electron energies hehave approximately as the true 
molecular energies. There is still work needed to show that 





1. The IBM 360/40 Computer
The Fortran IV (E level subset) language was 
uaed in the programming at the University of New Hampshire 
Computer Center. This language is a symbolic programming 
language and parallels the symbolism and format of mathe­
matical notation. This computer has a memory of approxi­
mately 120K. The size of the molecule one can study is 
limited by the size of the computer memory system. Physical 
restrictions on molecular size are gradually being elimina­
ted.
The University of New Hampshire Computer Center has 
a library of scientific subroutines, which can be combined 
with a user's input, output, or computational routines to 
meet his needs. The subroutines are stored on magnetic 
drums and can be called at any time in the program to solve 
many scientific problems. Many of these subroutines have 
been used in this work to solve the matrix equations.
2. Writing Computer Programs
In addition to the scientific subroutines that 
are available, there is the Quantum Chemistry Program Ex­
change at the University of Indiana which offers a large 
collection of programs. These programs were not used for 
this thesis, instead the author wrote his own programs and 
placed them on file with his research director, Professor 
Frank L. Pilar at the University of New Hampshire.
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3. Input Data
The interatomic-bond distances and bond angles 
were given in terms of cartesian coordinates for styrene and 
indene. This coordinate system was chosen for its ease in 
calculating bond distances and angles and its ease in vary­
ing the coordinates. This coordinate system was used in all
the calculations carried out. The initial coordinate system
13is that set of coordinates R. Hoffmann calculated for 
benzene and ethylene. The k°nc* length is 1.45 A as

























Atoms 1-8 are the carbon 
atoms and atoms 9-16 are 
the hydrogen atoms.




















Atoms 1-9 are the carbon 
atoms and atoms 10-17 are 
the hydrogen atoms.
ATOM X(A) Y $) Z(A)
1 1.16048 3.530 0.0
2 0.0 2.850 0.0
3 0.0 1.40 0.0
4 1.21244 0.70 0.0
5 1.21244 -0.70 0.0
6 0.0 -1.40 0.0
7 -1.21244 -0.70 0.0
8 -1.21244 0.70 0.0
9 2.52010 1.455 0.0
10 1.16048 4.630 0.0
11 -0,95263 3.40 0.0
12 -2.16506 1.25 0.0
13 -2.16506 -1.25 0.0
14 0.0 -2.50 0.0
15 2.16506 -1.25 0.00
16 3.15010 1.455 -0.890
17 3.15010 1.455 0.890
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Part B. Pariser, Barr and Pople semi-empirical calculations 
for styrene and indene (without hyperconjugation) 
PPPWOH
1. Determination of Hartree-Fock Matrix
In carrying out the self-consistent field calcula­
tions of Pople, one starts with the simple Hueckel molecular 
orbital approximation for styrene and indene. The diagonal- 
ization of this matrix produces the initial set of coeffic­
ients which now enables one to calculate the 1st approximation 
to the Hartree-Fock equations. The semi-empirical values for 
the resonance and two-electron repulsion integrals were 
obtained in the following manner.
The resonance integral is a function of r, the 
interatomic distance,
where r is measured in angstrom units.
The resonance integral was determined on extrapola­
tion of the already determined resonance integral for 
ethylene and benzene.^
Pariser and Parr developed a method for calculating 
the two electron repulsion integrals by an extrapolation 
technique involving the relationship.^-®
The constants a and b are determined by calculating two
values of ^  at d =2.90 and 3.70 A using the uniformly rs rs
charged sphere approximation. For carbon one finds a = 
-2.625 and b = 0.2157 when




where Ip is the free atom valence state ionization potential 
and Ar the electron affinity.
Upon evaluation of the Hartree-Fock matrix one sets 
all the diagonal elements equal to zero
Frr = 0.0 (77)
The off-diagonal elements were evaluated by use of equation 
47, where the resonance integral and the two center electron 
integrals are evaluated by the above described technique.
The resonance integrals are evaluated for the nearest- 
neighbor elements only except as noted in the discussion.
2. Determination of Molecular Symmetry
Styrene and indene have very little symmetry. The 
only symmetry elements belonging to these two molecules is 
E (identity) and <T jj. The correct point group is Cs*
In this case the Z-axis is chosen as perpendicular to the 
plane of the molecule (refer to figures 1 and 2 ).
3. Determination of SCF MO Coefficient
One now proceeds to carry out the SCF interactive 
procedure of Pople and obtains the following eigenvalues 
and MO coefficients for styrene after thirteen diagonaliza- 
tione.
Table 3
Eigenvalue (1) = -1.76644
-.43016 .30100 .47452
Eigenvalue (2) = -1.96166
-.00896 -.00148 .02201
Eigenvalue (3) = -2.41869
.54168 -.59511 .25316






.22999 .47885 -.19208 -.31548
.48860 .02099 -.51059 .48933
27343 .38157 -.26026 -.00232
.36552 .35307 -.36697 .40128
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4. The Numbering of the Transitions and Calculation of the 
Diagonal Elements of the Configuration Interaction Matrix 
for Styrene and Indene
The diagonal elements for the configuration inter­
action matrix can be calculated by use of equation 50. In 
order to keep the bookkeeping straight, the following ordering 










- o -► o
y 2 = 4 -> 5 
l+ 3 = 4 -» 6 
' + * 4 - 4 - 7
^ 5 = 4  + 8
V e  - 3 - 5
= 3 •* 6
M 4  " 3 -  7
^ 9  = 3 ->• 8
Y 10 = 2 ^ 5
Y u = 2 -*• 6
4^12 = 2 -> 7
4*13 = 2 ■> 8
4^14 = 1 ■> 5
4*15 - 1 -* 6
4^16 = 1 *> 7
V l 7 = 1 -> 8
where 1+ ^  = 0 ^ 0  is the ground state and « *-s t i^e sum 
of two Slater determinants representing the transition of a 
singly excited electron from the TT ^  MO to the TT  ^MO.
The following results are obtained for the electronic transi­
tions occurring in styrene relative to the ground state.
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Table 5
Styrene Electronic Transitions (in eV)
E2,2 “ El,l































where E^ ^ (78)
and E2 , 2 - El,l “ 2> - < * 4 V W /  ^ 1 >
(79)
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5. Variation of Styrene Geometry
The C^-C2 bond length was varied by .02 & increments 
and the C^-C^ angle was varied by two-tenths of a degree 
(refer to Table 1). This variation was performed in order 
to obtain a resulting calculated singlet transition that 
agreed with the indene spectrum. By retaining the same 
bookkeeping and same general equations but varying the 
geometry of styrene, one obtains the following:
Table 6


































6 . Determination of Off-Diagonal Elements for the Con­
figuration Interaction Matrix
One is able to use the four unoccupied 7T -MO* s 
to promote electrons from an occupied TT -MO to unoccupied 
IT -MO. Therefore, one can obtain a 17 x 17 configuration 
interaction matrix, if one considers the interaction of all 
the singly excited singlet transitions with all other singly 
excited singlet transitions of the proper symmetry and the 
ground state. Refer to Table 4 for the numbering of the 
transitions that are used. This type of configuration 
interaction is called second-order Cl. If one considers the 
interaction of only the four lowest singlet transitions one 
obtains first-order Cl.
The off-diagonal elements of the Cl matrix are 
determined by equation 52. After all the elements of the 
matrix are calculated, then the matrix is diagonalized.
The resulting eigenvalues are approximations to energies of 
excited states. These energies should agree more closely 
with the experimental energies than do the diagonal energies 
because of the mixing of the states contributing to the 
transitions.
7. The Effect of First and Second-Order Cl for Styrene 
and Indene
Since only the first three electronic transitions 
for the styrene and indene molecule are intense enough to be 
detected experimentally, only the first three calculated 
transitions Vlll be presented along with the calculated 
oscillator strengths in the Table 7 below.
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Table 7
Calculated Electronic Transitions and Oscillator Strengths 
for Styrene (fixed geometry of Table 1)
First Order Cl Oscillator Strength
AE(ev)
1 . 5.22 * (4.26) .42 (.33)
2 . 5.49 (4.77) .56 (.60)






*( ev) experimental transitions and oscillator strengths
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Table 8
Calculated Electronic Transitions and Oscillator Strengths 
for Indene (variation of geometry)
First Order Cl
AE(ev) Oscillator Strength
1 . 4.51 * (4.26) .38 (.30)
2 . 5.29 (4.79) .69 (.64)






*( ev) experimental transitions and oscillator strengths
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The results in Table 8 were obtained by varying 
the geometry of styrene until one obtained the best possible 
comparison between the calculated electronic transition and 
experimental electronic transitions of indene. This compar­
ison was best when the an8 ^e was decreased by 2 P
and the C^-C^ bond length was increased by .08 A.
Part C. Pariser, Parr and Pople semi-empirical calculations 
for indene (with hyperconjugation) PPFWH
1. Conjugative Participation of the Two Out-of-Plane 
Hydrogens in the Indene Molecule
Group theoretical considerations show that if one 
considers the two out of plane hydrogens on indene as a 
single atom (pseudoatom), one can form a function from these 
atoms that has the same symmetry as the two P^ functions 
centered on the carbon atoms (the Z-axis is perpendicular 
to the plane of the molecule is shown in Table 2). These 
two out-pf "plane atoms can therefore be incorporated into 
the “FT -MO structure of the molecule.
Visualize the two hydrogen atoms of the indene 
molecule and call the Is hydrogen orbitals a and b. The 
following linear combinations can be formed:
O' = a + b (80)
IT = a - b (81)
The first combination resembles an ordinary G~ orbital.
The second combination has a symmetry which resembles that
of IT orbitals. The carbon 9 (refer to Table 2) of the
2




will be directed along the and C^-C^ bonds; the
third will be directed toward the center of the two
hydrogen atoms forming a combination of and 0" which
can be associated with a localized bond between C and 
The remaining 7T g orbital and the remaining "IT orbital 
can then be used in a linear combination with all the other 




Coordinates of ^  pseudo­
atom labeled atom 10
Atom x y z
10 3.1501 1.4550 0.0





The above figure is a schematic representation of the 
available orbitals taking part in conjugation.
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2. Determination of Semi-Empirical Parameters for Indene
employing hyperconjugation are the same as those used in 
part B of this write-up* The only difference is the evalua­
tion of the resonance and coulomb integrals involving the 
pseudoatom, and the calculation of the diagonal elements 
of the Hartree-Fock matrix F involving the pseudoatom.
It is at this point one uses equation 41, i.e.
%<jJv = 0)r- C0c = -<*h -xc> = 11.16-9.50 = 1.66 ev (83)
use of equation 76. For the pseudoatom this is analogous 
to scaling down Y  from 17.0 ev to 10.53 ev or
CO
The methods employed in carrying out calculations
where








* 10,10 = 9.50-0.0 = 9.50 ev (86)
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17pseudoatom were evaluated by use of Ohno's formula.
Ohno* s formula, given below, gave values that are reason­
able and in line with the values given by the PPP method 
for cc
1
*rs - <Rrs + Ars> ' <87>
where
- &  * rr + *ss> <88>
and R is the r-s internuclear distance, rs
A semitheoretical approach was taken to estimate
the core resonance integrals. This method was outlined in
20a paper by K. Ohno. The result of this method for a 
heteropolarmolecule is given below:
pcore . (i ^ J 5 l )s(. + Y rg) (89)
The constant C was introduced in the equation so that there
was better agreement between empirical data and calculated
results. Ohno chose C =0.85 and n = n .  =1.0,r carbon
ng = n^ j =1.2. S is the overlap integral between the
pseudoatom and the 2P“TT orbital. R is the inter­
nuclear distance and rg the coulomb integral. The
overlap integrals were calculated by use of the closed form
21
solutions derived by Mulliken, Rieke, Orloff and Orloff.
The results from Ohno* s formula were compared to
three empirically chosen resonance integrals. The best set
of ground state transitions were obtained when =
2
-3.0 ev. In order that = “3*0 ev from Ohno*s formula,
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one must scale down the parameter C = .85 to C = .35 for
the resonance integral involving I^. When this was done
there was good comparison between the results obtained by
empirically choosing pn and by using Ohno*s formulation.
2
The values and reasons for choosing the three different 
empirical resonance integrals are given below:
1. A value of -3.0 ev was first chosen from the
22value Lindner and Mortensson use in their semi-empirical 
approach to hyperconjugation of toluene. This value of p 
was obtained by variations in p until reasonable values 
were obtained for the electronic transition energies and 
dipole moments of toluene.
2. The second value of -6.0 ev was chosen from
17the Daudel, Lefebvre and Moser book on ’’Quantum Chemistry I' 
This value was obtained by use of the expression
^  = Z-5Pcc where Pcc = '2 -39 <90>
3. The final value used was -10.0 ev. This value 
was set purposely high to determine what effects occur for 
resonance integrals too large.
3. Effects Due to Resonance Integral Variation
The variations of electronic transition correspond­




Calculated Electronic Transitions for the Various 
Choices of the Resonance Integral 
(Only the Four Lowest Energies are given for Indene)
PCh <-3.0ev) PCR (-6 .Oev) PCR (-lO.Oev)
2 2 2
1. 4.24158 4.74002 4.75785
2. 4.77193 5.08014 5.09766
3. 5.56680 5.15593 5.19452
4. 5.84321 5.39362 5.42088
All resonance integrals were evaluated including 
the non-nearest neighbors for the above calculated elec­
tronic energies.
4. Comparison of Electronic Transitions in the PPPWH 
withBPFWOH for Indene
In indene there are ten pi electrons that fill the 
five ground state TT MO*s. These electrons can undergo 
twenty-six different singlet electronic transitions to the 
five excited state “IT MO* s including the ground state 
transition. The bookkeeping for the individual transitions 
was taken care of in the same manner as those in Table 4. 
Therefore the resulting second order configuration inter­
action matrix was 26 x 26.
In Figure 2 below, the calculated electronic transi­
tions for indene by the PPP method with and without hyper­





Comparison of Experimental with Calculated Electronic 















The results for the above were taken in both 
cases from the diagonalization of the second order 
configuration matrix.
5. Comparison of Calculated and Experimental Oscillator 
Strengths in Indene
Table 10
Comparison of Experimental and Calculated Oscillator 
Strengths for Indene in the PPP Framework
Calculated O.S. Calculated O.S.
Experimental (W/0 hypercon- (with hypercon-
Transition O.S. jugation) jugation)
1 .30 .34 .29
2 .64 .67 .48
3 .75 .74 .77
\
Part D. Extended Hdckel Theory (EHT) Calculations Performed 
on Styrene
1. Determination of Basis Set for Styrene and Indene
In referring to page 25, one finds that for styrene 
there are:
8 Is hydrogen Slater orbitals
8 2s carbon Slater orbitals
24 2p carbon Slater orbitals
The order of the resulting secular determinant is 
8+8+24 = 40. One also finds that for indene there are:
40
8 Is hydrogen Slater orbitals
9 2s carbon Slater orbitals
27 2p carbon Slater orbitals
The resulting indene secular determinant is 8+9+27 =44.
The complete secular determinant is treated such that most 
of the interactions are accounted for, and all off-diagonal 
E1 s are retained. The numbering of the molecules and the 
cartesian coordinates are given in Tables 1 and 2 for 
styrene and indene respectively.
2. Determination of Overlap Matrix
In calculating the Hartree-Fock matrix the overlap
matrix has to be calculated first. The overlap integrals
are calculated in the same manner as was done for the PPFWH
method, i.e., by the method of Mulliken, Rieke, Orloff and 
21Orloff.
The most straight-forward way in which to calculate 
the overlap integrals is to use one center of coordinates 
for the entire molecule and let the atomic orbitals p ,A
Py and pz have the same reference system at each atom.
This is the method by which Tables 1 and 2 have been orig­
inally set up.
Consider the diagram set up below for the calcula­
tion of the overlap integrals;
41
 X
CosQ = V Y2R(a,b) 0 < © 1  90° (72)
Figure 3
Determination of Angle 9 Between the 
2py Orbital and Bond Connecting Atoms a and b
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One can see from Figure 3 how the computer program 
was generalized to take into account the angles between 
different functions. The computer nomenclature varies 
slightly from that written up in this text. 0 is the 
angle between the y-axis and the bond joining atoms a and 
b. R(a,b) is the distance between atoms a and b. Similar 
equations hold for the remainder of the overlap integrals. 
The resulting diagonalization of the Hartree-Fock matrix 
and population analysis is outlined on pages 27 thru 30.
3. Calculation of the Total Energy. Energy of the Highest 
Occupied Orbital, and Population Analysis of Styrene 
and Indene
The total energy for styrene and indene was approxi­
mated as outlined on page 30. The following results were 
obtained:
Ei
Styrene -675.926 ev (91)
Indene -749.832 ev (92)
The energy of the highest occupied orbital for styrene and 
indene are:
Styrene: -12.472 ev 
Indene: -12.231 ev






Gross Atomic Population of Styrene
IS 2S 2P 2P 2PX y z
C 1
2.0 1.0756 1.0660 1.1041 1.0277
C 2
2.0 1.0121 1.0811 1.0541 1.1417
C3 2.0 1.0001 1.0771 .9196 .9802
C4 2.0 1.0331 1.0932 1.0064 1.0035
C5 2.0 1.0147 1.0891 1.0432 1.0157
C6 2.0 1.0291 1.0972 1.0614
1.0001
C7 2.0
1.0620 1.0806 .9972 1.0145
C 8
2.0 1.0180 1.0732 1.0311 1.0751
IS IS










Gross Atomic Population for Indene
IS 2S 2P 2P 2PX y z
C 1
2.0 1.0431 1.0421 1.0102 1.0106
C 2
2.0 1.0052 1.0884 1.0868 1.0226
C3 2.0 1.0051 1.0184 .9652
.9702
C4 -
2.0 1.0021 1.0237 .9527 .9870
C5 2.0 1.0119 1.0499
1.0347 1.0095
C 6
2.0 1.0471 1.0711 1.0018 1.0130
C7
2.0 1.0053 1.0401 1.0404 1.0052
C 8














4. Charge Densities. Bond Orders and Population Analysis 
for Styrene and Indene
In the figures below the charge and bond orders
24are calculated from the HMO method and the FPFWOH coef­
ficients and the population analysis is performed with the 
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Comparison of Bond Orders and Overlap Population
Figure 4
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The overlap population appears to be in excellent 
agreement with the bond orders calculated by the HMO and 
PFFWOH methods. The small bond order is generally inter­
preted as a large bond length between C2 and C^. This is 
the case for styrene. The charge densities turn out to be 
1.0 for all C-atoms in the simpler HMO and PPPWOH calcula­
tions.
One can see from figure four that the charge densi­
ties are different for the PPP and the EHT calculations.
The reason for this can be stated as the migration of 
charge from the C-H bond to the carbon atom. One notices 
the hydrogen charge densities of Tables 11 and 12 are less 
than one allowing for a migration of charge from the hydro­
gen to the carbon atom.
In the figures below the bond orders are calculated 
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Comparison of Bond Orders and Overlap Populations
Figure 5
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In addition to the bond order and overlap popula­
tion comparison one can also compare the charge densities 
and net charges given in Figures 4 and 5. The charge densi­
ties given by the HMO calculations are all equal to 1.0, 
thus eliminating these charge densities with the population 
analysis.
A qualitative comparison of just where the greatest 
charge density is located can be made useful in the predic­
tion of where chemical reactions tend to take place for the 
styrene and indene molecule.
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DISCUSSION
I. Comparison of Styrene and Indene Calculations in the 
PPP Framework with Experimental Results
From Table 7 one notices that with the fixed geometry 
of styrene, i.e., the starting coordinates of Table 1, the 
calculated electronic transitions do not compare with the 
singlet observed transition for styrene (Table 7). Only 
after varying the ethylene group of the styrene molecule 
does one obtain better spectral comparison. The similar­
ity of the observed styrene and indene spectrum allows one 
to obtain a reasonable calculated spectrum for styrene and 
indene simultaneously. The result is what is observed in 
the middle column of Figure 6 . In the first column of this 
same figure there is poor comparison between calculated and 
observed electronic transitions. Thus by varying the 
geometry of Table 1, such that the angle was de­
creased by 2° and the k°n(* length increased by .08 X,
the resulting electronic transitions of column two was ob­
tained. This was the best comparison obtained from the 
geometrical variation of styrene. In fact, it was a good 
approximation to the indene spectrum. The calculation of 
the oscillator strengths does not give any additional 
information as to whether the spectrum calculated was 
indene or styrene.
The electronic transitions shown in column three 
are obtained by using the PPFWH method with the input data 
of Table 2. It appears that one obtains an almost perfect 
fit of observed and calculated transitions for indene.
49
Figure 6
Comparison of Experimental and Calculated Electronic 
















 -------- experimental results
for styrene
calculated results 
for styrene and 
indene
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Thus it seems reasonable to state that this resulting
'i geometry which gave the best spectral comparison may be a
reasonable geometry for the molecule. N. L. Allinger and 
25T. W. Stuart studied the effect of inclusion of doubly 
and triply excited configurations had on the electronic 
transitions. The geometry of the molecule was held fixed 
for this calculation possibly the effect of both C.I. and 
geometry variation will give additional information on the 
electronic transitions. It is apparent from the Allinger 
and Stuart results that geometry variation carried out in 
this work led to better results.
2. Comparison of Charge Densities and Bond Orders with 
the Population Analysis for Styrene and Indene
The charge densities vary very little from 1.0000, 
but the population analysis does give some possible sites 
where due to the large excess charge, indene and styrene 
may react. Figure 4 shows that carbon atoms 1 and 2 have 
large net charges and are probably the sites where electro- 
philic chemical reactions may take place. Compared to 
Figure 5, the net charges are greater for styrene than 
indene. This may give some gauge by which one can compare 
the ability of styrene to polymerize or react with other 
chemicals. The monomer of styrene is known to be relatively 
unstable and that of indene to be stable as compared to 
styrene. The net charge comparison is only a qualitative 
manner in which one may compare styrene and indene.
The bond orders compare qualitatively very nicely 
with the overlap populations calculated for both styrene 
and indene. The bond distance for styrene being a
large bond gives the lower bond order and overlap population.
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Also an interesting feature of the EHT is that the
lowest IT orbital is located below some of the 6" orbitals.
This behavior was noted for both styrene and indene. The
highest filled orbital was a *TT orbital and as were lowest
few unoccupied orbitals. The lower bonding (T*and TT
levels were interdispersed.
The general features of the population analysis may
be summarized from an analysis of Tables 11 and 12 as
follows. The TT charges for carbon atoms with three
nearest neighbor carbons are slightly positive while those
with only one or two nearest neighbor carbons are slightly
negative. The (T charges generally are negative for one or
two nearest neighbor carbons and slightly positive for those
with three nearest neighbor carbons. The proton charges are
all slightly positive. The styrene molecule protons are all
close to +.18 while the indene molecule protons are all
close to +.10. The general trends of charge migration is
13 26 27consistent with EHT * * reported for many other mole­
cules .
The most important accomplishment of this work is 
that the out of plane hydrogen atoms for indent?, can be 
accounted for directly without any ad hoc assumptions about 
hyperconjugation.
3, Localization Energies for Styrene and Indene
Another manner in which one can approach the correl­
ation and interpretation of chemical reactivities is through
localization theory. This theory was first proposed by 
30
Wheland in 1942.
It is assumed that most organic substitution and 
addition reactions occur by a transition state where no, 
one, or two pi electrons are at least partially localized
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at the point of reaction, depending on whether the attacking 
molecule or species is nucleophilic, free radical, or 
electrophilic in nature, respectively. The localization 
energy of an atom r is defined as that energy required to 
localize n electrons (n*0,l,2) on atom r. This energy is 
expressed by the equation
Ivn> = T^n)-E (95)r r ■
where T^n  ^ is the pi-electron energy of the transition state
in which n pi electrons have been localized on atom r.
The hyperconjugative parameters used in calculating
the localization energy for indene were those of Coulson 
23and Crawford. The coulombic and resonance integrals a 
and 0 , respectively, are related to the hyperconjugative 
parameters by the following equations:
ar = a + hrP (96)
0 = k 0 (97)rs rs
where h is the electronegativity parameter and k is the
TC 1-S
bond parameter. The values of these parameters are as 
follows:
h1 = -0.5 h2 = -0.1 (98)
k12 = 2.5 k23 = 0.7 (99)
From equations 96 and 97 one can write down the simple 
Hueckel matrices needed for the calculations. The locali­
zation energies of indene are:
= 1.8522, o 1.8578, = 1.8634




The results of equations 100, 101, 102 and 103 are in units
24of -p. The localization energy for styrene is given below:
= L^2) = 1.7037 (102)
L 2 0) =  L 2 ^  =  L 2 2 )  =  2 *4 2 4 4  < 1 0 3 >
For a given reaction the most probable point of attack is 
supposed to be the atom position with the lowest localization 
energy, i.e., the atom on which the localization of n elec­
trons requires a minimum of energy. In comparing equation 
102 with equation 1 0 0, i.e., the localization energy for 
atom 1 of styrene with the localization energy for atom 1 
of indene, it is obvious that styrene, having the smaller 
localization energy on atom 1 , would be the more reactive 
molecule. In addition the population analysis shows that 
atom 1 of styrene has a higher net charge than atom 1 of 
indene (see Figure 4). The above facts are consistent with 
the chemical reactivity of styrene as compared with indene,
i.e., styrene polymerizes more rapidly than indene. How­
ever, this slight difference in atom 1 localization energies 
does not explain the order of magnitude in polymerization 
rate differences between styrene and indene.
Styrene will polymerize by any one of three possible 
mechanisms, i.e., by free radical, anionic, or cationic 
polymerization. The EHT charge density results are consis­
tent with the experimental results of cationic polymerization 
but do not shed any light on anionic and free radical poly-
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merizations.
4. The Inclusion of All Non-Nearest Neighbor Resonance 
Integrals
28R. L. Flurry, Jr. and J. J. Bell investigated the 
effect of the inclusion of the flij terms for semi-empirical 
TX -electron calculations. It was found that a change In 
the spacing in the higher energy levels and an increased 
charge separation in alternant hydrocarbons resulted when 
the pij terms were included for non-nearest neighbors. The 
results that have been reported in this thesis were calcula­
ted with non-nearest pij terms included. The inclusion of 
these terras will make the calculations more sensitive to 
geometry variations. No thorough investigation was con­
ducted on the effects of geometry variations with non- 
nearest 0ij terms calculated. One calculation was performed 
in which only nearest neighbor pij terms were calculated 
for indene. The resulting electronic transitions are 
given below for indene with and without non-nearest 
neighbors.
These calculations were carried out in the PPP 
framework employing hyperconjugation (refer to Figure 2).
There is a slight separation in the lower energy levels 
shown in Figure 7. The charge densities for the two calcu­
lations are almost identical with little or no differences.
To determine whether there are any distinct trends in the 
lower energy levels of separation for semi-empirical TX-electron 
calculations will require further investigation. Flurry and 
Bell reported only distinct trends in the upper energy 
levels.
Figure 7
Comparison of Calculations with and without 
Non-Nearest Neighbor pij Terms for Indene (Dashed 








Indene and styrene have similar ultra-violet spectra. 
Indene will form a bright red precipitate and styrene will 
form a bright orange precipitate when placed in a solution 
containing TiCl^.^ The resulting compounds were not ident­
ified, but the fact that both appear to catalyze the poly­
merization of olefins in the same way suggests similar 
structures.
The styrene and indene molecules also have differ­
ences, i.e., styrene polymerizes readily while indene is 
relatively stable under the same conditions. Also, styrene 
is a planar molecule while indene has two out-of-plane 
hydrogen atoms (non-planar molecule). The PPP methods can 
be used to show that either the geometry variation and 
hyperconjugation, or both, can be used to explain the 
similar u-v spectra for styrene and indene.
Some of the differences between styrene and indene 
can be explained if one considers the population analysis 
and localization energies. It was shown in the preceding 
discussion that atom 1 of styrene will be the most likely 
site for reaction to take place. The localization energy 
for atom 1 of indene also is the lowest energy for indene, 
but it is a higher energy than that for styrene atom 1.
Thus by this comparison, styrene would be more reactive 
than indene. However, the small difference in localization 
energies between styrene and indene fails to suggest why 
indene is so stable to polymerization.
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The EHT and PPFWH calculations and related popula­
tion analysis shows one that there is an electron flow in 
the methyl group on indene. This suggests that this flow 
of charge away from carbon atoms 1 and 2 and going to the 
carbon atom 9 (Figure 2), may account for the lower chemi­
cal reactivity at carbon atoms 1 and 2 of indene. There 
is less of an electron flow from the hydrogen atoms to the 
carbon atoms for indene than there is for styrene. Thus 
from figures 4 and 5 one notices that electron charge 
densities are greater for carbon atoms 1 and 2 on styrene 
than for carbon atoms 1 and 2 on indene. These charge 
densities are more favorable to electrophilic attack on 
carbon atoms 1 and 2 of styrene. This predicts a greater 
chemical reactivity for styrene, at least insofar as the 
cationic polymerization mechanism is concerned. However, 
the simpler (and perhaps less reliable) Hueckel method 
suggests that styrene should polymerize more readily than 
indene under all three types of mechanisms; viz., cationic, 
anionic and free radical.
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